The spin−orbit splittings of low-lying states in third-row transition elements were calculated using both an effective core potential (ECP) method within the one-electron (Zeff) approximation and all-electron (AE) methods using three different approaches. The wave functions were obtained using the multiconfiguration self consistent field (MCSCF) method followed by second-order configuration interaction (SOCI) calculations. All calculated results, except for the ones on atomic Ir, are in reasonable agreement with the corresponding experimental observations. The unsatisfactory results for atomic Ir are attributed to the poor theoretical prediction of the adiabatic energy gap between the lowest two 4F states. This gap has an incorrect sign in AE calculations without scalar relativistic corrections, but the gap can be reproduced qualitatively if these corrections are added using the newly developed RESC (relativistic elimination of small components) scheme. As a result, the AE calculations with the RESC approximation give spin−orbit splittings similar to those obtained by the ECP calculations with the Zeff approximation.
Introduction
Recent years have brought an increasing awareness of the importance of including spin-orbit coupling effects for accurate comparison with experimental results. For example, atomic spin-orbit splittings are included in G3 thermochemical predictions. 1 Although spin-orbit coupling is numerically larger for heavy elements than for light ones, its effects can be measured in all parts of the periodic table, as may be seen from a few recent applications. For light elements, spin-orbit effects can be observed in organic photochemistry, 2 and spin-orbit and even spin-spin couplings have been included in prediction of the methylene and silylene singlet-triplet splittings. 3 Vibrationally averaged spin-orbit couplings in CO + and O 2 + agreed with high-resolution spectra from a synchotron radiation source. 4 A recent paper on HOCl 5 and earlier work on ozone indicates triplet state photochemistry is important in the stratospheric ozone problem. For intermediate weight main group elements, spin-orbit effects have recently been considered in the predissociation lifetime of the B 3 Σ -u state of S 2 , 6 in the radiative lifetimes of low lying states of AsH, 7 and in photochemical branching ratios in ICl. 8 It is well-known that spin-orbit effects are large in the third row transition elements, 9 but these can play a major role in the reactivity patterns of any transition metal. The counterintuitive experimental observation that the reaction efficiency of 6 Σ + FeO + with H 2 decreases with increasing kinetic energy of collision has been explained as this reaction occurring via a spin-orbit induced transition onto a quartet surface. 10 A study of methane activation by all neutral metal atoms indicated only Pt was reactive, because of a low energy crossing of different spin surfaces. 11 Finally, for very heavy elements, a study of the bottom row hydrides TlH to AtH predicted spin-orbit effects on potential curve shapes and concluded these could be computed in a perturbative fashion from high level L-S coupled wave functions. 12 Dirac-FockBreit computations on UF 6 gave good agreement with experiment for the 4d, 5d, and 4f levels. 13 Not surprisingly, the recognition of the importance of spinorbit coupling in chemistry has fueled continued work on methodology for its computation. An overview of recent algorithmic work will be given, but this should not be considered to be a comprehensive review.
The most fundamentally sound approach to spin-orbit coupling is based on the Dirac-Coulomb equation for four component spinors, which includes spin-orbit operator implicitly. Molecular Dirac-Hartree-Fock programs have become increasingly available, 14 and recent efforts have extended fourcomponent calculations to MP2, 15 coupled-cluster, 16 and MC-SCF 17 correlation treatments. The Breit two-electron term can be added as a perturbation or possibly included in the selfconsistency optimization. 18 However, the considerable investment in single component quantum chemistry packages has encouraged treatment of the spin-orbit coupling via the Breit-Pauli Hamiltonian, resulting from a Foldy-Wouthuysen transformation. The most frequent approach is a spin-orbit configuration interaction (CI) 19 using either configurations or L-S CI eigenstates as the basis, forming matrix elements over the Breit-Pauli operator and diagonalizing to obtain spin-orbit coupled wave functions. An alternative operator can be obtained from the Douglas-Kroll no pair transformation 20 or by other transformations of the DiracCoulomb equation. 21 Early on, the difficulty of calculating the two electron term in the Breit-Pauli operator led to the idea of excluding it and compensating for the error by regarding the nuclear charge in the one electron term as an effective charge. 22, 23 Recently, a general program 24 in terms of including more than two spin states with an arbitrary choice of active space has been developed, to permit comparison of the full Breit-Pauli operator with this effective charge operator. This program also includes an option for the partial computation of the two electron term, by computing only core-active terms, omitting active-active matrix elements. Other workers have also experimented with mean field or one center approximations to the two electron term. [25] [26] [27] An alternative operator consisting of only a one electron term can be obtained from the difference of effective core potentials for different spinors, obtained from atomic calculations with the Dirac-Coulomb equation 28 or the Wood-Boring Hamiltonian. 29 Recently a gradient program has been developed for this kind of operator 30 to permit geometry optimization with spin-orbit effects. The spin-orbit interaction has been successfully incorporated into the self-consistent field optimization at the single configuration level for atoms. 31 We have determined the effective nuclear charges (Z eff ) for all elements from Li-Xe. 23 For each main group element, Z eff was determined in order to reproduce the splittings of energetically low-lying spectral terms of its hydride. 23a,b,d The Z eff for transition metals were chosen to optimize the agreement between the calculated splittings and those obtained from atomic spectral terms. 23e The Z eff results for main-group diatomic molecules are in good agreement with available spectral data, with errors on the order of 30% or less. On the other hand, for transition elements, especially those in the third transition row, the Z eff method is more problematic. 23e In large part, this is due to the complications arising from the large number of closely spaced low-lying states and strong spin-orbit interactions among electronic states with the same J values. Thus, it is often necessary to include a large number of low-lying excited states in the wave function in order to obtain reasonable results. Similar behavior has been observed in recent work on lanthanide ions 32 where it was found to be necessary to include interactions with all states that are close in energy to the lowest state in the spinorbit Hamiltonian.
For the heavier elements, we have been using the SBKJC effective core potentials (ECPs) and basis sets. 33 One immediate advantage of using such a relativistic ECP is that the valence orbitals are already adjusted for spin-free relativistic orbital contractions and expansions. However, a disadvantage in using ECP basis sets is that they are generally nodeless. So, although the 3d SBKJC orbitals are qualitatively similar to correct 3d atomic orbitals, because these orbitals have no inner nodes, the 4d and 5d SBKJC orbitals are nodeless, even though they should have inner nodes. Consequently, Z eff is smaller than the true nuclear charge for the first-row transition elements, whereas the incorrect nodal behavior for the second-and third-row transition elements results in rather larger Z eff in order to reproduce the experimental atomic splittings. 34 Thus, Z eff loses its physical meaning and becomes simply a fitted empirical parameter.
In the previous study, 23e reasonable agreement with the experiment was reported for MCSCF-based spin-orbit splittings in low-lying electronic states for first-and second-row transition elements, whereas serious disagreement was observed for the third-row transition elements. The present study has been conducted in order to determine the origin of these errors, using larger basis sets and SOCI wave functions including more external orbitals, and by comparing predictions from the Z eff and full-BP methods for the third-row transition elements.
Methods of Calculation
In the case of all-electron calculations, one may choose to use the full Breit-Pauli (full BP) Hamiltonian for spin-orbit coupling in which R is the fine structure constant, L and S are orbital and spin angular momentum operators, respectively, and the true nuclear charge Z(A) is in its one-electron term. Alternatively, if only the one-electron operator is employed, Z may be replaced by Z eff as discussed above:
For all electron calculations, the very important contraction of s and p orbitals and expansion of d and f orbitals 35 because of spin-free relativistic effects (mass-velocity and Darwin) can be incorporated using the recently developed RESC (relativistic elimination of small components) formalism. 36 For the ECP calculations, the SBKJC potentials and basis sets 33 are employed, augmented with a set of f polarization functions 37 using only the Z eff operator. The valence Gaussian functions, corresponding to 5d, 6s, and 6p orbitals, are uncontracted, (7s7p5d1f)/[4s4p5d1f], so that this basis set is referred to as uSBKJC(f). For the all-electron (AE) calculations, within either the one-electron approximation or with the full BP Hamiltonian, the MINI basis set, 38 augmented with three sets of p functions as 6p orbitals, 39 has been chosen. The valence orbitals corresponding to 5d and 6s orbitals are also uncontracted, leading to a (18s15p9d3f)/[8s7p5d1f] basis set, referred to as uMINI(3p).
The MCSCF active space includes the 5d, 6s, and 6p orbitals in both the ECP and AE calculations. 40 The MCSCF orbitals were optimized for a state of interest, with a nonzero orbital angular momentum quantum number. These orbitals were then employed to construct second-order configuration interaction (SOCI) wave functions 41 and spin-orbit coupling CI matrices. The spin-orbit CI matrix includes the state for which the MCSCF orbitals were optimized, as well as other energetically low-lying excited states with both the same and different spin multiplicities. Typically, all adiabatic states within 0.1∼0.3 hartree 42 of the ground state were included in the spin-orbit coupling matrices. The states used are shown in Table 1 . The spin-orbit matrix elements were computed using the various approximations described above. All calculations reported here were carried out using the GAMESS suite of program codes. 43
Results and Discussion 1. Z eff Results Obtained Using the ECP Method. Table 2 summarizes the spin-orbit splittings of low-lying states in the third-row transition elements. The Z eff values determined using MCSCF wave functions 23e have been used to predict spin-orbit splittings at the SOCI level of theory. These predicted splittings are in better agreement with the experimental observations (error <30%) in La, Hf, Ta, W, Re, Pt, and Au than in the previous MCSCF work. In particular, excellent improvement is observed in the 3 D 2 sublevel (114 f 0.8%) of Pt because of the use of a better wave function. As reported previously, 44- Unfortunately, a large discrepancy still exists between the predicted and observed splittings in Os, even after the inclusion of dynamic correlation. Because the numerical error in the 5 D 2 sublevel of Os is reduced to about half (90 f 46%) by the addition of dynamic correlation, it is possible that better results would be obtained for this state if improved basis sets are employed or more external orbitals were to be included in the SOCI recovery of dynamic correlation.
Note that a very large value of Z eff (9040) has been used for the 3 P state of Hg because the 5d orbitals are completely filled in the main configuration of this state. As a result, the contribution of electron configurations which have unfilled 5d orbitals seems to be overestimated by using the Z eff approximation. Because the 3 P 0 -3 P 1 energy gap is underestimated and that of 3 P 0 -3 P 2 is overestimated, it might be difficult to solve this problem using only one parameter. As discussed below, the Z eff method may not be applicable to Group 12 atoms (see also ref 23e).
Disagreement is more severe in the 4 F state of Ir. The large discrepancy is caused by a strong interaction between the lowest two 4 F states (denoted by 1 4 F and 2 4 F). The main configurations of 1 4 F and 2 4 F states are (5d) 7 (6s) 2 and (5d) 8 (6s) 1 , respectively. It is well-known that the lowest two 4 F states are very close to each other in energy and that the nonrelativistic Hartree-Fock method cannot predict the correct energetic order of these states. 49 Because the core potentials implicitly include spin-free relativistic effects, the energy difference (0.47 eV) obtained by the ECP method 49d before the inclusion of spin-orbit coupling is in good agreement with the experimental estimation (0.4 eV) given by Moore. 50a Although DHF calculations have been reported for Ir's ground level, 51-55 we have been unable to find any prior attempt to compute its excited levels, other than our own earlier work. 23e To obtain more reliable results, stateaveraged MCSCF calculations have been performed with equal weights for the 1 4 F and 2 4 F states.
As shown in Table 2 , the SOCI results of atomic Ir using the state-averaged MCSCF orbitals are still not satisfactory. The lowest J ) 9 / 2 and 7 / 2 sublevels (denoted by 1 4 F 9/2 and 1 4 F 7/2 in 2  11 992  352  S, 3P, 5D, 3F, 2G  Os  ECP  1  327 048  459  S, D, F, 2G, I  4  5737  3P, D, 4F, G  3  560 940  2P, D, 2F, 2G, 2H  Hf  ECP  1  43 088  467  2S, P, 3D, F, G  5  587 604  2P, 2D, F  3  60 771  S, 3P, 3D, 4F, 2G, H  7  61 644  P, D, F  5  18 106  S, P, 2D, 2F, G  AE  1  267 542  259  D, G  AE  1  17 215  454  S, 3D, F, 2G  3  458 150  2P, D, 2F, G, H  3  23 931  S, 3P, 3D, 4F, 2G  5  239 Table 2 ) strongly interact with higher states and have smaller 1 4 F contribution. In particular, the J ) 3 / 2 sublevel has 45% 2 P character and only 13% 1 4 F character. The next lowest J ) 3 / 2 sublevel has 50% 1 4 F character, but its energy is about 5000 cm -1 higher. On the other hand, the sublevels assigned to 2 4 F have relatively strong 2 4 F (i.e., (5d) 8 6(s) 1 ) character, and the calculated splittings of these sublevels are in good agreement with the experimental ones; the numerical errors are 13%, 3%, and 27% for the energy gaps of 2 4 F 9/2 -2 4 F 7/2 , 2 4 F 9/2 -2 4 F 5/2 , and 2 4 F 9/2 -2 4 F 3/2 , respectively. Thus, it appears that the rather large numerical errors for Ir are mainly due to inadequate estimation of the adiabatic gap between 1 4 F and 2 4 F and their perturbation by a nearby 2 P term.
Z eff Results Obtained Using the AE Method.
To examine the reliability of the Z eff approach, the same calculations have been performed using the uMINI(3p) all-electron basis set described above. The effective nuclear charges Z eff were determined as shown in the footnote of Table 2 . The calculated results are in surprisingly good agreement with the experimental observations, except for Ir and Pt. Though the error for the 3 D 2 state in Pt is 81%, the numerical difference is only 631 cm -1 . In the ECP calculation, the 3 D 2 state has 58% 1 D and 42% 3 D character, but the corresponding state in the AE calculation has less singlet character (48%). Because the RESC scheme makes singlet character stronger in this state as described below, it can be said that the AE method underestimates the interaction a Reference 50a. b ECP ) MCSCF + SOCI/uSBKJC(f) using effective nuclear charges (Zeff). Zeff(La) ) 803.70, Zeff(Hf) ) 1025.28, Zeff(Ta) ) 1049.74, Zeff(W) ) 1074.48, Zeff(Re) ) 1099.50, Zeff(Os) ) 1124.80, Zeff(Ir) ) 1150.38, Zeff(Pt) ) 1176.24, Zeff(Au) ) 1202.38, and Zeff(Hg) ) 9040.00. The equation for Zeff is Zeff ) Z(A)fn, where fn ) 13.96 + 0.14n (n ) 2 ∼ 9) and Z(A) is the true nuclear charge of A atom. c AE ) MCSCF + SOCI/uMINI(3p) method, where the most outer functions corresponding to 5d and 6s orbitals were completely uncontracted and three sets of p functions were added as 6p orbitals. AE(1) ) the Zeff approximation was used; Zeff(Hf) ) 50.40, Zeff(Ta) ) 53.29, Zeff(W) ) 56.24, Zeff(Re) ) 59.25, Zeff(Os) ) 62.32, Zeff(Ir) ) 65.45, Zeff(Pt) ) 68.64, Zeff(Au) ) 71.89, and Zeff(Hg) ) 132.80. The equation for Zeff is Zeff ) Z(A)fn, where fn ) 0.64 + 0.03n (n ) 2 ∼ 9) and Z(A) is the true nuclear charge of A atom. AE(2) d full BP Hamiltonian was used, instead of the Zeff approximation. AE(3) ) MCSCF orbitals were optimized within the RESC approximation, and spin-orbit splittings were estimated using full BP Hamiltonian. 1 as the main configuration in the AE calculations. This is inconsistent with the experimental observation. 50a Thus, these results as well as those in the next subsection suggest it is necessary to incorporate spin-free relativistic effects in all-electron MCSCF calculations.
3. Full Breit-Pauli (BP) Results Obtained Using the AE Method. Full BP calculations were performed on the third-row transition elements (Table 2 ). The calculated results are very similar to those obtained using the AE Z eff method. It is disappointing that no improvement is observed for Ir or Pt and that the spin-orbit splittings are underestimated by more than 30% for Hg. The splittings of the 3 P states in Hg are rather smaller than those obtained by the Z eff approach and then those observed experimentally.
4. Full BP Results Including Spin-Free Relativistic Corrections. As noted above, serious disagreement between theory and experiment is found for the 4 F states of Ir when the AE basis set is used, because the order of adiabatic L-S states is not well described without spin-free relativistic corrections. This prompted the use of the RESC approximation in the all-electron orbital optimization. The RESC implementation in GAMESS is presently limited to spin-free (scalar) one-electron corrections and both one and two electron spin-dependent corrections (spinorbit couplings). The inclusion of scalar relativistic effects by means of the RESC improves the energetic order of the lowlying adiabatic states, so that an improved description of the spin-orbit mixing is obtained after diagonalization of the Hamiltonian in which the off-diagonal spin-orbit perturbations have been added to these L-S energies.
A nonrelativistic MCSCF calculation gives 5 F as the ground state of Os, but inclusion of the RESC correctly predicts a 5 D ground state. The spin-orbit splittings of the 5 D state are very similar to those obtained by the ECP method: the 5 D 2 substate is higher in energy than 5 D 3 but the error is about 30% (Table  2) . In atomic Ir, the relativistic corrections reverse the order of (5d) 8 (6s) 1 and (5d) 7 (6s) 2 , so that the ground configuration is correctly predicted to be (5d) 7 (6s) 2 , because of strong relativistic stabilization of the 6s orbital. The spin-orbit splittings of the two 4 F states are in better agreement with the experimental ones than either the AE Z eff or full BP method and have errors similar to those obtained by the ECP method ( Table 2 ). The source of error could be caused by an inadequate basis set or by the fact that the basis set has been optimized only for (5d) 7 (6s) 2 . If they are optimized simultaneously for both (5d) 7 (6s) 2 and (5d) 8 (6s) 1 , better results can be provided even by the ECP method.
5. Further Investigation on the Spin-Orbit Splittings in Atomic Ir. It is clear from the above that Ir represents a severe test of the ability to compute spin-orbit levels well. It is clearly critical to include spin-free relativistic corrections, through either a relativistic ECP or the RESC correction to AE calculations, to obtain a satisfactory splitting between the (5d) 7 (6s) 2 and (5d) 8 -(6s) 1 4 F terms. In addition, it is important to describe well other low-lying states, including at least the 2 P state that makes the largest contribution to the level Moore assigns as 4 F 3/2 . Unfortunately, multireference Møller-Plesset perturbation calculations (MRMP2) 56 prove a larger energy gap between the two 4 F terms in both cases that the SBKJC(f,p) and MINI 3p basis sets are used. Accordingly, better agreement would not be expected even using MRMP2 wave functions. Then, the Ir calculations in Table 2 may justly be criticized as having too small an atomic basis to be able to correctly account for these important term energies.
Thus, as a probe of basis set effects, we have done an additional calculation using the WTBS basis. 57 Because this is presented as a general contraction to a minimal basis set, additional flexibility is gained by detaching as individual Gaussians the outer 2s, 2p, and 5d primitives and adding additional diffuse s and p primitives with exponent 0.016 388. No additional f function was included. The SOCI includes nine low-lying orbitals (one s, p, and d virtual level only). Table 3 shows that the results including RESC are quite encouraging. In particular, the 2 4 F 9/2 level at 2834.98 cm -1 , which is the second level overall, is computed at 2251 cm -1 compared to 2834.98 cm -1 , a marked improvement over the results in Table  2 . In addition, the irregular ordering of 1 4 F 3/2 and 1 4 F 5/2 at 4079 and 5785 cm -1 is more nearly quantitative than the ECP or AE 3 results in Table 2 . However, the irregular order of the 1 4 F 7/2 level at 6323.91 cm -1 is not well reproduced in Table 3 , which finds this to be the third rather than fifth overall level. Table 3 hints that it may be possible to obtain good spin-orbit levels, using RESC and the BP operator, with appropriate basis sets and the inclusion of sufficient dynamic correlation.
Summary
The spin-orbit splittings of low-lying states in the third-row transition elements were predicted using four methods: (i) MCSCF + SOCI/uSBKJC(f) within a one-electron (Z eff ) approximation, (ii) MCSCF + SOCI/uMINI(3p) with Z eff approximation, (iii) MCSCF + SOCI/uMINI 3p with full BP Hamiltonian, and (iv) MCSCF + SOCI/uMINI 3p with full BP Hamiltonian and the RESC approximation. It is found that both the first and fourth methods lead to acceptable predictions of f MCSCF(RESC) + SOCI/WTBS results, where the outermost sets of s, p, and d functions were split into three sets and the set of f functions were split into two sets.
spin-orbit splittings, except for the case of atomic Ir. The latter may be caused by the use of inadequate basis sets and by the need for a larger CI expansion. Thus, we conclude that for most atoms one can predict ground-state spin-orbit splittings within roughly 30% relative error by using the simple and inexpensive scheme of the effective charge approach combined with the ECP method. It is very helpful to be able to perform higher-level calculations to discover the reasons for the failure of this simple approach observed in the cases of Re, Os, and Ir. In atomic Re and Os, the splittings improved greatly when the full BP approach was used. Even though a satisfactory reproduction of Ir spin-orbit levels has not yet been obtained, the RESC results are entirely similar to the ECP results, and it can be concluded that the ECP method is reliable and has an advantage in terms of computational effort.
